Introduction
Bioaerosols, or primary biological aerosol particles (PBAP), are suspensions of airborne particles that contain living organisms or were directly released from living organisms (Cox & Wathes, 1995) . PBAP include various species such as viruses, bacteria, fungal spores, and pollen, as well as fragments of lichen, skin, algae, plant debris or fur fibers. PBAP span a wide range of aerodynamic diameters (D a ) from viruses being the smallest (D a 20e300 nm) to pollen which, among other species, can have diameters up to 100 mm. Other frequently investigated classes of bioaerosols are bacteria and fungal spores having typical D a of about 1e3 mm and 1.5e30 mm, respectively (Grinshpun, 2010) .
The estimates of the global budget of biological particles span almost three orders of magnitudes, between 50 and 1000 Tg/year, as a result of the small number of existing measurements and a lack of standardization between quantification techniques (Kuske, 2006; Peccia & Hernandez, 2006; Spracklen & Heald, 2014; Stocker et al., 2014) . Nevertheless, PBAP appear to be a significant contributor to the global aerosol mass. For example, global production of secondary organic aerosol (SOA) is estimated at 140 to 910 Tg C/year (Goldstein & Galbally, 2007; Hallquist et al., 2009) , with 20e380 Tg/year (Stocker et al., 2014) originating from biogenic emissions, while global emissions of fungal spores alone are estimated at 8 to 186 Tg/year (Spracklen & Heald, 2014) . Bacteria emissions are even less constrained and cover two orders of magnitude from 0.4 to 41.4 Tg/year (Burrows et al., 2009; Jacobson & Streets, 2009) .
Rapid detection methods for airborne bacteria or bacteriacontaining aerosols are of interest for civil protection (Demirev & Fenselau, 2008) because individual strains such as Bacillus anthracis can be highly hazardous for humans (Meselson et al., 1997) . Furthermore, bacteria can act as cloud condensation nuclei (CCN) (M€ ohler et al., 2007) and particular strains are among the most efficient ice-nucleating particles known so far (M€ ohler et al., 2008) . It has been hypothesized that bacteria, in addition to other biological aerosol particles, might influence atmospheric ice nucleation (Christner et al., 2008) and local hydrological cycles, especially in pristine areas such as the Amazonian rainforest (Phillips et al., 2009; P€ ohlker et al., 2012; P€ oschl et al., 2010) . Modeling studies have shown a decrease in reflection of shortwave radiation of clouds by up to 14% and altered cloud lifetime with the inclusion of bacteria as ice-nucleating particles in the modelled domain (Costa et al., 2014) . However, other studies reveal a minor impact on global precipitation patterns and cloud formation given recently estimated microbial concentrations (Hoose et al., 2010; Sesartic et al., 2012) .
Few methods enable a selective determination of the total bacteria number concentration in ambient air in the presence of other constituents of primary biological aerosol. An elaborate method is the deposition on aerosol filters and the subsequent counting of selectively stained cells by light or fluorescence microscopy. The analysis of smaller or fragmented cells can be carried out by a scanning-electron-microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDX) (Matthias-Maser et al., 1997) . Uncertainties related to this method arise from the staining selectivity and the ambiguity of the manual classification of the microorganisms under the microscope. An alternative method, utilizing a quantitative polymerase chain reaction is capable of both quantifying and identifying broad microbial populations and is increasingly used in aerosol science. Nevertheless, method detection limits of about 2000 bacterial cells, e.g. for Bacillus atropheus (Hospodsky et al., 2010) are significantly higher than for microscopic analysis techniques. Current laser-based, real-time mass spectrometric methods may allow for a distinction of different bacterial strains at concentrations higher than 10 4 cells per liter of air in the laboratory. However, mass spectral patterns are affected by changes in laser power during the vaporization/ionization process (Steele et al., 2003) . Spectra may also depend on the culturing conditions of the microorganisms and can change with atmospheric processing of the particles. Schneider et al., 2011 estimated the contribution of bioaerosols in the Amazonian rain forest using an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) (DeCarlo et al., 2006; Jayne et al., 2000) which uses thermal vaporization and electron impact ionization in combination with a new aerodynamic lens prototype for the detection of super-micron aerosol. Their method is based on a bottom-up scaling of single markers obtained from a calibration with amino acids, proteins and carbohydrates. Since these single markers are not very specific for bioaerosols, this approach may not be applicable to non-pristine regions where interferences with other compounds cannot be excluded. In this study, we employed an Aerodyne HR-ToF-AMS equipped with a newly developed aerodynamic lens (second generation) for the detection of aerosol particles with aerodynamic diameters up to approximately 3 mm (Williams et al., 2013) . The estimated contribution of bacteria to non-refractory organic aerosol was determined by positive matrix factorization using the multilinear engine (ME-2) (Paatero & Tapper, 1994) , where a laboratory-measured bacteria mass spectrum (Wolf et al., 2015) was used to constrain a bacteria-like factor in ambient measurements. A first validation of this method by an analysis of marker size distributions and single particle mass spectra is presented.
Methods

Sampling sites
Stationary measurements were performed at Zurich Kaserne (Switzerland) in April 2011 and in Payerne (Switzerland) from June to August 2012. Zurich Kaserne is an urban background site (N 47 22 0 39.295 00 , E 8 31 0 49.648 00 ) hosted by the Swiss NABEL ("Nationales Beobachtungsnetz für Luftfremdstoffe") network. The instruments were located in a dedicated, air-conditioned trailer in which a constant air temperature of about 20 C was maintained. The same trailer was deployed at the rural measurement site in Payerne (N 46 48 0 46.829 00 , E 6 56 0 40.167 00 ), adjacent to both the local Meteoswiss and NABEL sites.
Instrumentation
An Aerodyne high-resolution time-of-flight aerosol mass spectrometer equipped with a novel PM 2.5 aerodynamic lens was deployed at each site. During the measurements in Zurich, a second HR-ToF-AMS instrument equipped with a standard PM 1 aerodynamic lens was used on the same sampling line for comparison. In Payerne, the PM 2.5 -HR-ToF-AMS was additionally equipped with a light scattering module for an accurate detection of single particles diameters and their corresponding mass spectra (Cross et al., 2007 (Cross et al., , 2009 . AMS sampling alternated between mass spectrum (MS) mode in V-mode configuration (30 s), particle time-of-flight mode (pToF, 30 s) and light scattering single particle mode (LSSP, 30 s). V-mode and pToF mode data were analyzed using the Squirrel (v1.52 F) and PiKa (v1.11G) programming codes within the IGOR Pro software (Wavemetrics, Inc., USA). LSSP mode data was analyzed with an own version adapted from the Sparrow package v1.04D. A composition-dependent collection efficiency (CE) as parametrized by Middlebrook et al., 2012 was applied. This correction methodology is inherently based on the assumption that all particles are internally mixed, as the same time-dependent CE factor is applied to all organic and inorganic components. In the lack of data on the particle mixing state and the absence of factor dependent CE values, no further correction could be made and all organic factors, including the bacteria-like factor, are corrected using the same CE value obtained for the bulk aerosols.
Quantification of the bacteria component
Three independent analysis strategies using the AMS were employed: (1) factor analysis of the ensemble mass spectral data, (2) size distribution analysis of a bacteria tracer at mass-to-charge ratio (m/z) 70 and (3) the classification of size-resolved single particle mass spectra. Limitations and potential biases of the individual methods are described in their respective sections. These issues are unique to each technique, such that a single source of error or bias is extremely unlikely to affect each method in the same way. Thus agreement between the techniques can be used to validate the overall analysis. Results are presented sequentially for measurements in Zurich and in Payerne.
2.3.1. Positive matrix factorization (PMF) and multilinear engine (ME-2)
Positive matrix factorization (PMF) is a factor analytical technique used in receptor modeling which allows for the deconvolution of bulk aerosol composition data into a selected number of factors (Paatero & Tapper, 1994) . These factors can be ascribed to sources or components of organic aerosol without prior information about the source composition. This technique has become standard in the source apportionment of aerosol mass spectrometer data (Crippa et al., 2014; Viana et al., 2008; Zhang et al., 2011) .
It is commonly applied to two-dimensional data consisting of timedependent mass-to-charge ratios as provided by the mass spectrometer. The bilinear (two-dimensional) PMF model is based on the following equation:
in which x ij is an element of the matrix of measured ion mass-tocharge ratios (index i) as a function of time (index j). f and g are the elements of the identified factor and contribution matrices, respectively. e ij denotes an element of the matrix of model residuals. The PMF model solves equation (4.1) by minimizing the objective function Q which is expressed as:
The multilinear engine (ME-2) is an implementation of the PMF algorithm in which known information about the aerosol component composition can be used as a priori input in the calculations. This facilitates the identification of sources that have a minor contribution to the organic aerosol mass, especially if these sources have a distinctive chemical signature. Positive matrix factorization calculations were performed using the SoFi (Source Finder, v4.6) software package (Canonaco et al., 2013) as a user front-end for the preparation of the calculation input, the analysis and the visualization of the results.
PMF analysis was conducted as follows:
1 Positive matrix factorization calculations were performed and solutions from two to eight factors were investigated. From these solutions, optimal representation of aerosol components were selected using established evaluation criteria such as characteristic factor mass spectra, diurnal cycles and the correlations with particulate nitrate and sulfate (Crippa et al., 2014; Lanz et al., 2007) . 2 In the next step, one additional factor profile was added to the number of factors found and constrained using a bacteria mass spectrum measured in previous laboratory experiments (Wolf et al., 2015) . The selected mass spectrum of Pseudomonas bacteria cells was chosen from an experiment with negligible contamination (<5 mass %) from agar nutritive medium which was used to cultivate the bacteria. Survival rate tests during the experiment show that about 50% of the bacteria were viable 1 h after injection into the chamber. Since other experiments with non-viable bacteria cells from Snomax ® powder showed very similar mass spectra we expect that this anchor mass spectrum may serve as a proxy for a larger ensemble of viable and nonviable bacteria species. To account for differences between laboratory and ambient bacteria mass spectra, the bacteria profile was constrained using the a-value approach, in which the PMF model returns the mathematically optimal solution satisfying the requirement that all elements of the bacteria-like profile are within a factor of a of the reference spectrum (Canonaco et al., 2013; Lanz et al., 2008; Paatero, 1999) . The sensitivity of the results to this parameter was investigated by analyzing solutions where a varies from 0.0001 (very tight constraint) to 0.4 (loose constraint). Each calculation at a given a-value was repeated at five different pseudo random starting points of the least-squares minimization algorithm to explore potentially different local minima in the solution space.
We note that not all ions identified in the mass spectrum of pure Pseudomonas bacteria cells can be fitted unambiguously in the ambient data set. Since this is the case also for several nitrogencontaining ions of low intensity, e.g. the tracer ion at m/z 70, the bacteria component anchor profile has a decreased specificity. For this reason and because compositional-differences in the solution mass spectrum are allowed when using the a-value approach, the factor representing bacteria is referred to as bacteria-like.
The relative mass fraction of airborne bacteria is expected to be low compared to other components of non-refractory particulate matter. The AMS minimum detection limit for bacteria components was estimated using three times the standard deviation of the entire group of carbon, hydrogen and nitrogen-containing (C x H y N 1 ) ions during time periods in which aerosol particles were removed from the sampled air using an aerosol filter (HEPA) in front of the inlet. This estimation based on the family of nitrogen-containing ions was adopted because these ions are particularly abundant in bacteria mass spectra. The calculated detection limit of 0.024 mg m À3 for the PM 2.5 aerodynamic lens is comparable to other reported limits for the detection for organics (0.022 mg m À3 ) for the HR-ToF-AMS with an averaging time of 1 min in V-mode (Fr€ ohlich et al., 2013) and below the estimated contribution of bacteria as shown in the result section.
Size-resolved marker analysis
Size distributions of the organic mass fragment f 70 ¼ Org 70 /Org and the organic signal Org 70 at m/z 70 were analyzed. This fragment has been proposed as a potential bacteria marker because of a significant contribution from decarboxylation products of amino acids to the C 4 H 8 N þ ion (Wolf et al., 2015) . We examine whether this fragment constitutes a larger fraction of the total organics at larger diameters, given that individual bacteria cells typically have aerodynamic diameters of about 1 mm. Other potential sources of signal at m/z 70 include traffic emissions, but these particles are much smaller (Canagaratna et al., 2004; Lanz et al., 2007) . It should be noted that interferences by other sources of biogenic material cannot be excluded as the signal at m/z 70 can result from the decomposition of protein-or amino acid-containing matter in general. Furthermore, the analysis of size distribution data is influenced by slow evaporation of organic matter on the heated surface of the tungsten vaporizer in the AMS. This may artificially increase the apparent organic signal at larger aerodynamic diameter for aerosol components with high boiling points or for large, high mass particles.
2.3.3. Single particle analysis Single particle measurements were used to screen for individual particles with a mass spectrum characteristic of bacteria. Particles were classified as bacteria-like when the following three conditions were satisfied. (1) The total organic signal must be greater than 300 Hz to exclude interferences from instrument noise. (2) The fraction of the characteristic fragment at m/z 70 must be greater than 0.01. This value is based on the pure Pseudomonas mass spectra (f 70 ¼ 0.018) (Wolf et al., 2015) . In ambient air, bacteria cells may be fractured, partially decomposed or attached to other particles, and so the value of f 70 may decrease. To account for such differences in bacteria cell composition of the unit resolution mass spectrum, a lower value of 0.01 was chosen. (3) The fragment f 57 has to be smaller than 0.02 to avoid spurious classification of hydrocarbon-like particles. A sensitivity analysis on the last two criteria is provided in Fig. S9 shows that when these criteria are varied by up to a factor 3 the resulting number of particles classified as bacteria-like varies only by 30%. Another characteristic fragment, f 86 , identified in pure bacteria particles, was not included as a constraint since it can also be abundant in amines and their derivatives such as triethylammonium-containing particles (Murphy et al., 2007) . The standard unit mass fragmentation table (Allan et al., 2003) was applied to the mass spectrum. For this reason the assignment of the raw signals to the AMS species such as organics, nitrate or sulfate may be erroneous. For example, the signal at m/z 30, which is at least partially related to the CH 4 N þ ion from the protein fragmentation, will be fully assigned to inorganic nitrate. The erroneous assignments will have minor effects on the results, but should be kept in mind for data interpretation. The number concentration C number,BAC of particles classified as bacterialike was calculated following the recommendations by Freutel et al., 2013 using equation (4. 3):
Here, n(MS) BAC represents the total number of bacteria-like mass spectra in the averaged time period, t is the averaging time (3600 s) and DC is the sampling duty cycle which is a combination of the chopper duty cycle and the fraction of the sampling time in LSSP mode (0.02e0.5). Q is the average sampling flow rate (1.4 cm 3 s À1 ).
The saving efficiency S eff is calculated as the number of particles for which mass spectral data were saved divided by the total number of particles detected by the light scattering probe system during a 1 h saving cycle. At the rural site in Payerne, the standard deviation of S eff throughout the campaign was below 10% and thus an average value of 0.58 was applied. f(MS) BAC is the ratio between all particles that yield a mass spectrum and all particles that are detected by the light scattering system within the ensemble of particles classified as bacteria. Since this time-dependent ratio cannot be retrieved directly, it can be approximated by the ratio between the total number of mass spectra and the total number of light scattering counts. This approximation assumes a similar particle bouncing behaviour at the vaporizer surface for bacteria-like particles with respect to all other particles. As particle losses between the detection by the laser beam and the mass spectrometer result from the asymmetry of the particle beam and the bouncing off at the vaporizer surface, f(MS) BAC is generally smaller than one. The campaign average has been estimated to be f(MS) BAC ¼ 0.02e0.19 which is near a previously reported value of 0.22 for hydrocarbonlike particles (Freutel et al., 2013) . The discrepancy between f(MS) BAC and a typical collection efficiency of 0.5 for AMS instruments results from a threshold of 300 ion counts per second that was set to distinguish real signal from instrument noise. Number concentrations derived from light-scattering data were converted into mass concentrations using:
where r eff describes the effective particle density and D va is the particle vacuum aerodynamic diameter as measured by the sizing laser of the light-scattering system. As a first approximation, a spherical particle shape and an average particle density of r eff ¼ 1.4 g cm À3 for all bacteria-like particles was applied. The particle density was calculated from the average bacteria ensemble mass spectrum with the following density increments (in g cm À3 ):
Org ¼ 1.27, SO 4 ¼ 1.78, NO 3 ¼ 1.72, NH 4 ¼ 1.75 and Chl ¼ 1.4 (Duplissy et al., 2011) . The assumed density is within the limit of reported values for microorganisms from 1.1 to 1.5 g cm À3 (Bakken & Olsen, 1983) .
Results and discussion
3.1. Zurich, Switzerland 3.1.1. PM 1 and PM 2.5 general composition During a time period of uninterrupted sampling from 7 April 2011 until 19 April 2011, the total non-refractory mass concentrations were on average 35.4% higher in the PM 2.5 size range than in PM 1 (Fig. S2) . The organic mass concentrations were enhanced by 30.4% in the PM 2.5 fraction, whereas sulfate concentrations were comparable. The unconstrained source apportionment using positive matrix factorization yielded four distinct components for the non-refractory organic mass fraction in both PM 2.5 and PM 1 . The factors, identified based on their mass spectral features and diurnal patters, comprise hydrocarbon-like organic aerosol (HOA) and cooking-influenced organic aerosol (COA), as well as semi-volatile and low volatility oxygenated organic aerosol (SVOOA, LVOOA). This is consistent with results from Canonaco et al., 2015 using an aerosol chemical speciation monitor (ACSM) at the same site. The inclusion of an additional bacteria factor profile with the ME-2 approach has a negligible (<2%) impact on the relative fractions of the remaining factors in comparison to the unconstrained PMF calculations. As this paper focuses on the bacteria-like aerosol component, only results from the ME-2 calculations with the constrained bacteria factor profile are presented. All calculation results presented here are the averages of solutions obtained at four selected a-values (for the bacteria-like factor): 0.01, 0.05, 0.1 and 0.2. A parameter sensitivity test indicates only a minor variation (standard deviation, s < 9%) of the estimated bacteria fraction in this range (Fig. S1) . Lower a-values were not included in the averages as parameters in the ME-2 calculations had to be changed in order to allow the convergence of the algorithm. At a-values above this range the constrained solution mass spectrum shows features of an HOA component, suggesting that the bacteria-like character of the factor is no longer preserved.
Mass spectra of the aerosol components, their corresponding diurnal cycles and their time series are given in Fig. 1, Fig. 2 and Fig. S3 . As noted above, HOA, COA, SVOOA, and LVOOA factors have been resolved in numerous prior studies and are described only briefly here. The hydrocarbon-like organic aerosol (HOA) is dominated by signals characteristic of the decomposition of aliphatic hydrocarbons (C x H y ) and shows a low oxygen-to-carbon elemental ratio (O/C ¼ 0.09) (Chirico et al., 2010; Docherty et al., 2011) . The diurnal behaviour of this component is governed by the main traffic hours in Zurich at about 07:00e8:00 (local time) and 19:00e20:00. Compared to HOA, the cooking organic aerosol (COA) factor profile has higher signals at m/z 41 and m/z 55 and a lower contribution at m/z 57 consistent with previous laboratory (Allan et al., 2010; He et al., 2010; Mohr et al., 2009; Sun et al., 2011) and field (Mohr et al., 2009; Sun et al., 2011) studies. COA concentrations are highest at usual meal time hours at midday (11:00e12:00) and in the evening (around 20:00). Low volatility and semi-volatile oxygenated organic aerosol components (SVOOA, LVOOA) have elevated contributions from the CO 2 þ ion at m/z 44 and the C 2 H 3 O þ ion at m/z 43 which result from the decomposition of oxygenated species such as organic acids (Duplissy et al., 2011; Ng et al., 2010) . Similar to previous studies ), LVOOA has a higher CO 2 þ contribution and a higher oxygen-to-carbon ratio (O/ C ¼ 0.61 for LVOOA and O/C ¼ 0.23 for SVOOA) than SVOOA. Similar to nitrate, the SVOOA concentration increases during night-time at lower temperature consistent with the semi-volatile nature of this factor. In contrast, LVOOA is more strongly correlated with sulfate. Oxygenated components dominated the aerosol composition, contributing on average 71% of the total non-refractory aerosol mass (Fig. 3) . COA contributes 12.3% in the in PM 1 and is enhanced in the PM 2.5 fraction (15.1%). HOA contributes mainly in the PM 1 fraction. Comparable fractions of HOA and COA have also been quantified using an ACSM at the same site in winter 2011 (Canonaco et al., 2013) . Similar to sulfate, LVOOA occurs mainly in the PM 1 fraction. The SVOOA size distribution is consistent with that of nitrate which is another indication that these two components are driven to the particle phase through similar processes.
Bacteria component
The constrained bacteria organic aerosol factor displays characteristic signals that originate from the decomposition of reduced nitrogen-containing species (C x H y N 1 at m/z 27, m/z 30 and m/z 42) (Wolf et al., 2015) . Since only selected nitrogen-containing signals that are present in the pure bacteria mass spectra can also be fitted unambiguously in the ambient data set, the nitrogen-to-carbon ratio (N/C ¼ 0.056) of the bacteria factor is lower than the ratio determined in the laboratory (N/C ¼ 0.086). The major part of the total AMS organic nitrogen mass is attributed to both SVOOA and LVOOA (together 77%) whereas 11% are attributed to the bacteria component. In the time period from 07 April 2011 until 19 April 2011, the average organic mass fraction of airborne bacteria-like particles is higher in PM 2.5 (1.41%) than in PM 1 (0.52%) which is an expected consequence of a higher transmission efficiency for bacterial cells with aerodynamic diameters of around 1 mm (Wolf et al., 2015) . In the second part of the campaign (21 April 2011e25 April 2011), when the two co-located HR-ToF-AMS were both operated with the standard PM 1 aerodynamic lens, the average bacteria contributions as measured by both instruments were 0.82% and 0.93%, respectively. These observations strongly support the capability of ME-2 to extract the contributions from bacteria based on size-segregated AMS measurements.
A summary of the average and maximum bacteria concentrations and their corresponding organic mass fractions can be found in Table S1 . Averaged diurnal concentrations range between 0.03 mg cm À3 and 0.11 mg cm À3 in PM 2.5 . These values are in the order of previously reported bacteria concentrations in continental environments. For example, assuming a typical cell density of microorganisms of 1.3 g cm À3 (Bakken & Olsen, 1983) , a spherical particle shape and an average particle diameter of 1 mm these mass concentrations correspond to number concentrations of about 0.4e1.5 Â 10 5 cells m À3 . Consequently, the estimated number concentrations for bacteria-like particles are within the wide range for observed near-surface bacteria concentrations (10 5 -10 6 cells m À3 ) and modelled concentrations over most continental regions (2.5 Â 10 4 cells m À3 ) (Bowers et al., 2011; Spracklen & Heald, 2014) .
During the measurements in Zurich, the estimated concentration of bacteria-like particles did not correlate with either relative humidity (linear correlation coefficient R ¼ À0.01), temperature (R ¼ À0.02) or rainfall (Fig. 4) . Furthermore, there is no apparent dependency of the estimated bacteria concentration on the gusts of wind (R ¼ À0.04) or the wind direction (Fig. S5 ). Fig. 2 shows a maximum mass concentration of bacteria-like particles in the evening and early morning hours. Such behaviour is consistent with diurnal trends for cultivable bacteria that have been reported in several studies (Lighthart & Kirilenko, 1998; Lindemann & Upper, 1985; Tong, 1999) . Following the argumentation of these studies, it can be hypothesized that a daily maximum for upward bacteria fluxes in rural areas is reached during the warmest hours of the day (Hirano & Upper, 2000) when plant leaves are dry and wind speeds exceed about 1 m s À1 (Lindemann & Upper, 1985) . The observed increase in concentration overnight could be a combined effect of the transport of air masses with accumulated airborne bacteria levels from these rural source areas and the lower boundary layer height.
A size-resolved analysis of particle time-of-flight data shows that the organic signal at m/z 70 (Org 70 ) and the corresponding organic fraction, f 70 , are elevated at aerodynamic diameters larger than 800 nm (Fig. S4 ). This provides an indication for an increased fraction of airborne bacteria in this particular size range. Higher values for f 70 were also observed at vacuum diameters smaller than 300 nm which may be related to an increased fraction of hydrocarbon-like organic aerosol from traffic emissions because f 70 is also abundant in HOA factor profiles.
Payerne, Switzerland
The same methodology for the quantification of bacteria was further applied to a data set acquired in Payerne in summer 2012. As the two environments at Zurich and Payerne are fairly distinct, examining the source apportionment results at both sites provides additional validation of the approaches adopted and may shed light on the processes by which the bacteria are ejected in the atmosphere.
Four factors could be distinguished: SVOOA, LVOOA, HOA and the bacteria component when constrained in ME-2. These aerosol components are similar to the factors described by Lanz et al., 2010 who deployed a quadrupole-AMS at the same site in June 2006.
In Payerne, concentrations of bacteria-like particles in PM 2.5 (campaign average: 0.11 mg m À3 ) were higher than in Zurich (campaign average: 0.06 mg m À3 ). This is in agreement with findings of higher total bacteria concentrations in summer than in spring (Fang et al., 2007; Harrison et al., 2005; Tong & Lighthart, 2000) . A distinct correlation between the rainfall events and the estimated bacteria concentration as well as the bacteria marker in unit mass resolution at m/z 70 (f 70 ) was found (Fig. 5, Fig. S7 and Fig. S8 ). The f 70 marker size distribution shows a maximum around 1 mm. Compared to the total campaign average, bacteria concentrations were increased by about 24% including a time period of 30 min after the precipitation. A similarly rapid dispersal of cultivable airborne bacteria leading to an up to 25-fold increase in concentration has been described in various studies (Constantinidou et al., 1990; Graham et al., 1977; Huffman et al., 2013; Lindemann & Upper, 1985) . Impacting rain drops on leaf surfaces as well as evaporating or fracturing rain drops may propel residing biological particles into the air and result in a sharp concentration increase during the rain (Butterworth & McCartney, 1991; Huber et al., 1998; Madden, 1997) . Other emission pathways include the rupture of the large biological material in rain droplets forming particles that can be transmitted more efficiently into the instrument than the larger biological particles during dry conditions. (Taylor et al., 2004; Huffman et al., 2013) . However, while the rupture of biological material in the rain has been clearly reported for pollen, to the best of our knowledge, no paper describes a rupture of bacterial cells due to rain or increased humidity. It can be assumed that the osmotic pressure of rain water is not expected to be sufficient to allow for a rupture of the cells leading to the destruction of these microorganisms. In addition, unlike large pollen particles, bacteria particles have a diameter within the transmission window of the AMS lens and therefore do not need to be ruptured to be detected. Therefore, we think that the increase in the bacteria-like particle concentrations would be due to an impact of rain droplets, rather than their destruction. No apparent correlation with ambient air temperature is observed near the precipitation events and the bacteria time-series do not correlate with any of the other factors, including SVOOA which has some common mass spectral features, indicating negligible interferences between the bacteria component and other factors.
Further insights may be gained by examining the size resolved distribution of m/z 70 (Org 70 ) from particle time-of-flight data, shown in Fig. S4 . Similar to the case of Zurich, at Payerne, the largest fraction of Org 70 is located at smaller size ranges (about 300 nm), most probably related to primary emissions with high contributions at m/z 70 (e.g. f 70 in HOA and COA about 1%, Fig. 1 ). This is consistent with data displayed in Fig. S4b showing an overall higher contribution at m/z 70, f 70 , in Zurich compared to Payerne, where primary emissions of HOA and COA are more significant. Despite the significant contribution of primary emissions to m/z 70, the relative fraction of this fragment, f 70 , increases at larger sizes, an indication for an increased fraction of airborne bacteria in this size range.
For a further validation of the ME-2 calculation results, a quantitative analysis of the single particle mass spectra as obtained in the LSSP-mode was conducted. The resulting average bacteria ensemble mass spectrum is shown in Fig. 6 . The characteristic signals of the bacteria particles at m/z 27, m/z 30, m/z 42, m/z 70 and m/z 86 are retained in the average spectrum even though only m/z 57 and m/z 70 were used as a constraint to classify the single particle mass spectra, which strongly supports the method used. Nevertheless, higher contributions from secondary components, including OOA and sulfate, can be noticed in the average bacteria ensemble mass spectrum, possibly due to the partitioning of secondary vapours to the bacteria particles. Therefore, the estimate of the bacteria mass based on the number LS measurements should be Fig. 5 . a) Time series of wind gust, b) temperature (2 m above ground), c) precipitation and d) the estimated bacteria concentrations based on ME-2 analysis in Payerne. Meteorological data was provided by the nearby NABEL measurement site. Fig. 6 . a) Unit mass resolution mass spectrum of the pure Pseudomonas fluorescens bacteria from laboratory studies (Wolf et al., 2015) and b) average mass spectrum of all single particle mass spectra classified as bacteria-like from 12 July 12 until 02 August 12.
regarded as high estimates.
Diurnal variations for the ME-2 solution and the light scattering results are displayed in Fig. 7 . Only diurnal trends of the single particle method are presented, because the number of particles that are classified as bacteria-like is too low (several hundreds of particles per day) for a quantitative comparison with the bacteria component from the ME-2 method. The insufficient counting statistics do not allow for a comparison even for events with high bacteria concentrations derived from the ME-2 method. The mass concentrations (in mg m À3 ) were converted from number concentrations using equation (4.4). Absolute mass and number concentrations (Fig. 7a) from the light-scattering data do not show a pronounced diurnal cycle, whereas the ME-2 solution indicates a doubling of the concentration during night-time. Number concentrations determined by equation . The concentration of bacteria-like particles calculated from the single particle method lies within the range of observed ambient bacteria number concentrations over grassland and shrub (Spracklen & Heald, 2014) . The diurnal behaviour of the median diameter of bacteria-like particles and all counted particles is presented in Fig. 7b . It can be seen that the particles with a bacteria-like mass spectrum on average have larger diameters (around 660 nm) than the total ensemble of particles throughout the day. Previous studies report a typical single bacteria cell diameter of roughly 1 mm. The deviation from this value might be explained by several reasons, including the following. Bacterial cells might be partially fragmented yielding smaller particles. In ambient air, bacterial cells are often attached to other aerosol particles. Clusters of more than three bacteria cells are too large to be transmitted into the inlet system of the AMS. If a bacteria cell is attached to a matrix other than bacterial cells then the total assembly would probably not be classified as a bacterialike particle. Therefore, aerodynamic diameters larger than 1 mm for bacteria-like particles are not to be expected in this study.
Conclusions
ME-2 calculations with a bacteria input mass spectrum using the a-value method were applied to two ambient aerosol mass spectrometer (AMS) datasets to estimate the fraction of airborne particles with a bacteria-like mass spectrum in PM 2.5 . Comparison of these results with a PM 1 source apportionment and with collected single particle mass spectra indicate that this method may be appropriate for the time-resolved estimation of bacteria-like particles in general when using a high-resolution time-of-flight (HR-ToF-AMS) equipped with a PM 2.5 aerodynamic lens. Viable and non-viable bacteria cannot be distinguished with the presented method. The bacteria-like component appears to constitute only a minor source of organic aerosol in the measured size range with a relative contribution up to 2% by mass and a maximum concentration of about 0.2 mg m
À3
. The estimated mass concentrations fall within the wide range of previously reported concentrations. Elevated mass concentrations of the bacteria-like component were observed during precipitation events consistent with previous studies. An important uncertainty of the present method is the possibility of cross-sensitivities with other biological materials, which should be assessed in future studies by analysis of aerosol filters with microscopic, polymerase chain reaction or fluorescence techniques. Results of this work can be directly applied to forthcoming advances of AMS analysis tools such as a standard analysis mode for single particles as well as the possibility for off-line filter analysis which may widen the application of the Aerodyne AMS to bioaerosol particles in the future.
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